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192, Number 3) at www.jurology.com.Purpose: It is still largely unknown how neural tube defects in spina bifida
affect the nerves at the level of the sacral plexus. Visualizing the sacral plexus in
3 dimensions could improve our anatomical understanding of neurological
problems in patients with spina bifida. We investigated anatomical and micro-
structural properties of the sacral plexus of patients with spina bifida using
diffusion tensor imaging and fiber tractography.
Materials and Methods: Ten patients 8 to 16 years old with spina bifida un-
derwent diffusion tensor imaging on a 3 Tesla magnetic resonance imaging
system. Anatomical 3-dimensional reconstructions were obtained of the sacral
plexus of the 10 patients. Fiber tractography was performed with a diffusion
magnetic resonance imaging toolbox to determine fractional anisotropy, and
mean, axial and radial diffusivity in the sacral plexus of the patients. Results
were compared to 10 healthy controls.
Results: Nerves of patients with spina bifida showed asymmetry and disorga-
nization to a large extent compared to those of healthy controls. Especially at the
myelomeningocele level it was difficult to find a connection with the cauda
equina. Mean, axial and radial diffusivity values at S1-S3 were significantly
lower in patients.
Conclusions: To our knowledge this 3 Tesla magnetic resonance imaging
study showed for the first time sacral plexus asymmetry and disorganization in
10 patients with spina bifida using diffusion tensor imaging and fiber tractog-
raphy. The observed difference in diffusion values indicates that these methods
may be used to identify nerve abnormalities. We expect that this technique could
provide a valuable contribution to better analysis and understanding of the
problems of patients with spina bifida in the future.
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diffusion tensor imaging, diagnostic imagingTHE incidence of SB worldwide ranges
from 0.3 to 4.5/1,000 births.1,2 Pa-
tients with SB generally experience
neurogenic bladder dysfunction, and
lower limb sensory and motor inner-
vation is affected.3 Bladder sphincter0022-5347/14/1923-0927/0
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dinated by the central and peripheral
nervous systems, and in patients with
SB this sphincter function can be
affected.4 Without treatment the level
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Figure 1. Random movement of water molecules in fluid is
isotropic. Diffusion along nerves, represented as AD or l1,
is higher than perpendicular to nerves, represented as RD
or mean of l2 þ l3. Eigenvalues or diffusion lengths l1, l2 and
l3 are represented as being in particular orientation. This
diffusion orientation preference is called anisotropy.
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diagnosis is critical to prevent further neurological
impairment but it can be quite arduous due to the
complex anatomical configuration and high inter-
subject variability of peripheral sacral branches.5,6
Currently no reliable in vivo, noninvasive routine
clinical technique is available to determine how
the sacral plexus is organized on an anatomical or
structural level in patients with SB.
DTI allows for 3D visualization and structural
characterization of nerve tissue.7e9 DTI is a MRI
technique that is sensitive to the random movement
of diffusing water molecules, so-called Brownian
motion. Diffusion is more pronounced along the
nerves than across their main orientation, causing
diffusion to show a high degree of anisotropy in such
fibrous tissue.10 This anisotropy can be quantified
by applying a diffusion-weighted MRI acquisition
protocol with multiple diffusion gradient orienta-
tions and subsequently estimating the diffusion
tensor.7 The technique, which enables possible
reconstruction of the 3D architecture of peripheral
nerves noninvasively, is referred to as FT.11
Although DTI was used in several studies of pe-
ripheral nerves,12,13 it has been rarely used in the
lumbosacral region.5 The potential value of DTI to
quantify peripheral nerve injury or dysfunction
seems promising but the extent to which this can
be translated to the clinical setting is still ques-
tionable given the numerous fiber constituents
that may modulate the observed DTI results.10 The
4 diffusion parameters commonly used to investi-
gate tissue microstructural properties are 1) FA,
which is high when water molecules move predom-
inantly in 1 direction, 2) MD, which is the average
of all eigenvalues (overall amount of diffusion),
3) AD, which is equal to the largest eigenvalue and
4) RD, which is defined as the average of the second
and third eigenvalues (fig. 1).
While DTI7,8 has been widely used to investigate
white matter tracts in the brain,11,14e16 its appli-
cation to peripheral nerves remains limited, mainly
due to greater challenges related to data acquisi-
tion.5,12,13 Takagi et al examined nerve regeneration
of the sciatic nerve in rats after contusive injury.17
The correlation of FA values with histological and
functional changes in that study demonstrated
the potential clinical value of DTI for peripheral
nerve damage and repair with lower FA values
indicating damage to peripheral nerves. Van der
Jagt et al recently reported promising progress in
reconstructing and analyzing the peripheral sacral
nerves using DTI and FT.5
We investigated the sacral plexus in 10 children
with SB and neurogenic bladder dysfunction using
DTI and FT. We compared results to those of
healthy controls. We hypothesized that in thesepatients with SB the microstructural properties of
the sacral plexus would show abnormal values of
DTI parameters in nerve regions where the tissue
structure was affected. Our results revealed that
using DTI and FT 1) peripheral sacral nerves in
patients with SB and neurogenic bladder dysfunc-
tion could be reconstructed and visualized in great
detail, 2) the microstructural tissue organization of
the sacral plexus could be characterized in vivo and
noninvasively, and 3) peripheral nerve tissue ab-
normalities could be identified at specific locations
in the sacral plexus. We believe that investigating
nerve tissue properties with DTI and FT, in addition
to conventional MRI, would be helpful to better
understand the mechanism of the disturbed inner-
vation of the bladder and lower limb muscles in
children with SB.MATERIALS AND METHODS
Data Acquisition
Local institutional review board approval was obtained
for this study and written informed consent was provided
before MRI. Six girls and 4 boys with a mean age of
11.4 years (range 8 to 16) with SB and neurogenic bladder
dysfunction were included in study. Neural tube defects
(myelomeningocele) were mostly located in the lumbar
sacral region (L5-S2). To decrease variability in the pa-
tient group and keep acquisition time to a minimum
MRI was performed from the L4 level to the pelvic floor
region. As healthy controls, we used participants in the
Figure 2. Three-dimensional anatomy of lumbar and sacral
nerves at L3-S3 level in typical patient with SB. Color maps
show MD, FA, AD and RD along fiber pathways. Red areas
represent high diffusivity. Blue areas represent low diffusivity.
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3 Tesla Philips Achieva MRI System using a 16-channel
phased array surface coil. Diffusion-weighted images and
anatomical 3D-TSE T2-weighted images were obtained
using previously described acquisition protocols.5
Data Processing and Analysis
DTI data sets were processed using the ExploreDTI
diffusion MRI toolbox (http://www.ExploreDTI.com).18
1) Data were corrected for subject motion and eddy cur-
rent induced geometrical distortions.19 2) Diffusion ten-
sors and subsequently diffusion parameters (MD, FA, AD
and RD) were calculated using the iteratively weighted
linear regression procedure.20 3) A deterministic stream-
line tractography approach21 was used to reconstruct
fiber pathways. In each nerve a SEED ROI was placed in
the middle of the nerve. A second ROI (AND region) was
selected in the nerve root near the cauda equina and
another AND ROI was selected more distal along the
nerve where it was still traceable. By placing these AND
regions according to the 3D-TSE T2-weighted data set
fiber we determined trajectories along the entire nerve.
Combining a low FA threshold, ie 0.001, with these AND
ROIs provides a feasible way to reconstruct tracts with
high reproducibility.5 Finally, a pediatric neuroradiologist
with more than 15 years of experience with MRI evalu-
ated the accuracy of the fiber tract anatomical locations
using the anatomical 3D-TSE T2-weighted images.
Statistical Analysis
FA, MD, AD and RD values of nerves L4 to S3 in patients
with SB were investigated and compared with values
in healthy controls, as determined in the study by van der
Jagt et al.5 We investigated variability between the
nerves of patients with SB per nerve using the Kruskal-
Wallis test. Nerves on the left and right sides were
compared using the nonparametric Mann-Whitney U test,
which was also used to investigate differences between
the nerves of patients with SB and healthy controls.
Analysis was done with SPSS, version 21.0.RESULTS
With tractography it was possible to obtain 3D
anatomical reconstructions of all 10 patients with
SB (supplementary figure, http://jurology.com/).
Figure 2 shows FT results of the lumbosacral plexus
of a typical patient with SB. The pseudo color
encoding represents the magnitude of the diffusion
parameters. The table lists diffusion measures of
patients with SB and healthy controls. Because MD
values appeared to be most indicative of nerve ab-
normalities (see table), the fiber tracts were color
coded for MD (figs. 3 to 5, see video).
Fiber Tract Evaluation
The sacral plexus of patients with SB were asym-
metrical and disorganized compared to that of
healthy controls. In 2 patients nerves at the L5
level could not be reconstructed with FT although
they were visible on anatomical T2-weighted images(fig. 3, B). S4 and S5 could not be traced in any
patient or control. At that level in most cases they
were also not visible on anatomical T2-weighted
images.
In patients with SB it was difficult to locate a
connection to the cauda equina, especially at the
myelomeningocele level (fig. 4, A). In contrast, this
connection was clearly visible in healthy controls
(fig. 4, B).
Diffusion Parameters
Statistical testing revealed no significant difference
in FA, MD, AD or RD between the left and right side
at the L4-S3 levels (p >0.05). Therefore, the 2 sides
were pooled for each nerve level. Furthermore, no
significant difference was found between individual
nerves per level (p >0.05). The table shows that MD
at the L4 level in patients with SB was comparable
to that in healthy controls. However, from the L5
level downward significantly lower MD was found
in patients than in controls at the S1-S3 levels.
Similar differences were noted in AD and RD.
Bladder Innervation
In 3 patients we noted a trajectory originating from
S2-S4 and continuing to the bladder. Figure 5, A
shows an example in 1 patient. Although this could
not be confirmed on anatomical T2-weighted im-
ages, it is likely that this was the pudendal nerve
Diffusion parameters of lumbar and sacral nerves of patients with SB and healthy controls at L4-S3 levels
Mean  SD L4 Mean  SD L5 Mean  SD S1 Mean  SD S2 Mean  SD S3
FA:
Control 0.28  0.05 0.31  0.03 0.26  0.03 0.23  0.03 0.22  0.03
SB 0.28  0.04 0.29  0.04 0.27  0.05 0.25  0.05 0.26  0.05
MD ( 103 mm2/sec):
Control 1.34  0.22 1.42  0.21 1.83  0.24* 1.73  0.29* 1.62  0.32†
SB 1.32  0.16 1.31  0.24 1.40  0.22* 1.36  0.21* 1.33  0.23†
AD ( 103 mm2/sec):
Control 1.72  0.22 1.86  0.24 2.31  0.27* 2.13  0.36† 1.98  0.39†
SB 1.70  0.18 1.72  0.31 1.78  0.23* 1.70  0.21† 1.66  0.35†
RD ( 103 mm2/sec):
Control 1.15  0.21 1.19  0.20 1.59  0.22* 1.53  0.26† 1.43  0.29†
SB 1.14  0.15 1.11  0.21 1.22  0.23* 1.19  0.22† 1.17  0.22†
*p <0.001.
† p <0.01.
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matic anatomy configuration of the sacral plexus
(fig. 5, B).DISCUSSION
To our knowledge we report the first 3 Tesla DTI
to reconstruct the 3D architecture of the sacral
plexus in 10 patients with SB that detailed L4-S3
individual pathway trajectories and microstructural
properties. Differences in anatomy, particularly
asymmetry and disorganization, and MD values in
the sacral nerves were found in patients with SB
compared to healthy controls.
Interpretation
Fiber tractography provides striking images of
the sacral plexus noninvasively.5 However, this
technology has not been extensively used to inves-
tigate peripheral nerves since DTI and FT are notFigure 3. Lower lumbar and sacral nerves. A, healthy control. B, patie
left side L5 (1) could not be reconstructed.straightforward or trivial to apply. In addition,
interpretation is a major difficulty of DTI.22 Ab-
normalities in fiber reconstructions and diffusion
parameters can also be caused by deformations
and artifacts in data or limitations of the imaging
technique.23,24
Clinical Relevance
In this study MD values from L5 to the caudal
level were lower in patients with SB than controls
but for L4, which was still intact, MD values
were similar in the groups. The decrease in MD
could involve reduced intrinsic diffusion in the
intra-axonal space due to cytoskeletal breakdown,
resulting in increased viscosity.10 It could also be
related to myelomeningocele, which in these pa-
tients was mostly located at the L5-S1 level. At that
level it was also difficult to find a connection to
the cauda equina. With some abuse of terminology,
if nerves at that level do not work properly, theynts with SB and myelomeningocele from L5 level to caudal. On
Figure 4. Posterior view. A, patient with SB and myelomeningocele at L5-S1 lumbosacral level. Sacral nerves do not connect (arrows)
with cauda equina. B, in healthy control nerves connect to cauda equina.
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not adequately plugged into the socket. To investi-
gate whether the lower MD values of these nerves
were caused by myelomeningocele, results could
be compared to those in patients with SB in whom
myelomeningocele is located at a higher level
(thoracic or high lumbar).
DTI revealed a trajectory to the bladder that was
likely the pudendal nerve. The anatomical imageFigure 5. Patient with SB and myelomeningocele at L1-L4 lumbar leve
(SN ). B, overview of lumbosacral nerves. Anatomy corresponds to sdid not show this trajectory. Because the pudendal
nerve originates from S2-S4, it would be expected
that the pudendal nerve would also have lower MD
values. Future studies of the correlation between
urodynamic findings and DTI metrics in the sacral
plexus of patients with SB may support this hy-
pothesis. The patient group could be extended by
investigating other sacral malformations such as
anorectal malformation.25 Lower lesions are oftenl. A, anterior view. Note pudendal nerve (PN ) and sciatic nerve
acral branches and pudendal nerve (A).
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compared to higher lesions. DTI could have an
important role in diagnosis and therapy for future
neuroanastomotic procedures in these patients.
Limitations
Data were corrected for subject motion and geo-
metric distortions but may still have been mis-
aligned due to the nonlinear behavior of these
artifacts.5,9 In addition, due to the relatively large
voxel size (3  3  3 mm) partial volume effects
influenced the diffusion parameters and smaller
nerve bundles, especially at S3 since those nerves
are smaller in diameter than the other nerves.23,26
The control group consisted of healthy adults.
Although diffusion properties may change with age,
as in brain white matter fiber bundles,27 we expect
that differences in AD and RD would be relatively
low compared to differences in patients with SB vs
healthy adults.
Future Study
To determine the extent to which diffusion param-
eters represent nerve functionality in patients
with SB other patient groups with neurological dis-
orders can be investigated. In newborns with SBDTI
can be performed before and after closing the spinal
cord as a comparison tool to localize potential nerve
damage. By improving DTI resolution we believe
that in the future it could be possible to visualize
small nerves in these infants. Other pathological
conditions for which DTI can be used to visualize
the peripheral nerves include multiple sclerosis28
and paraplegia. Finally, DTI could potentially
be applied to locate nerves for sacral nerve stimu-
lation, neurostimulator implants and neuro-
anastomosis procedures29 in the sacral plexus.
Combining electromyogram information with DTI
tractography and diffusion parameters may improveour understanding of how to interpret diffusion pa-
rameters of peripheral nerves.
At this time DTI cannot replace conventional
anatomical imaging modalities, ie 2D T1-weighted
and T2-weighted sequences or high resolution
3D-TSE protocols. However, it can serve as a com-
plementary tool to better detect and understand
neurological problems in patients with SB. Further
adjustments of the registration process by fusing
anatomical and DTI information may improve
analysis of the nerves at each level. Large-scale
studies of patients with different types of SB are
needed to further optimize the technique and
better determine the exact role of DTI in the diag-
nosis and followup. We expect that abnormal
diffusion parameters may indicate affected or
dysfunctional nerves.CONCLUSIONS
To our knowledge this 3 Tesla MRI study shows for
the first time the asymmetry and disorganization of
the sacral plexus in 10 patients with SB using DTI
and FT. These abnormalities indicate that the
sacral plexus of such patients differs from that of
healthy controls. The observed difference in diffu-
sion values shows that these methods can be used to
identify nerve abnormalities. Combining 3D-TSE,
DTI and FT, and correlating diffusion parameters
with the neurological problems of patients with SB
are expected to provide a valuable contribution to
better analysis and diagnosis of these patients in
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This is a preliminary report of a technology that The study is preliminary but the technology pre-
would potentially have clinical application. It
certainly might be advantageous to have a map of
the neuroanatomy before surgical dissection. The
technology would also seem to have application
in helping define and predict neurological defects
resulting from trauma and congenital malformation.sented seems to hold a glimmer of potential.Michael Mitchell
Division of Pediatric Urology
Children’s Hospital of Wisconsin
Milwaukee, Wisconsin
